The unprocessed bio-oil obtained by the pyrolysis of lignocellulosic biomass comprises hundreds of oxycomponents which vitiate its quality in terms of low heating value, low stability, low pH, etc. Therefore, it has to be upgraded prior to its use as transportation fuel. In this work, guaiacol, a promising compound of the phenolic fraction of unprocessed bio-oil, is considered as a model component for studying its hydrodeoxygenation over a Pt 3 catalyst cluster. The production of catechol, 3-methylcatechol, m-cresol and o-cresol from guaiacol over a Pt 3 cluster is numerically investigated using density functional theory. Further, the kinetic parameters are obtained over a wide range of temperature, i.e. 473-673 K at an interval of 50 K. Briefly, results indicate that O−H and C−H bond scissions determine the reaction rates of 'guaiacol to catechol' and 'catechol to 3-methylcatechol' reactions with activation energies of 30.32 and 41.3 kcal mol −1 , respectively. On the other hand, C−O bond scissions determine the rates of 3-methylcatechol to mand o-cresol production reactions, respectively. The kinetics of all reactions indicate that ln k versus 1/T plots are linear over the entire range of temperature considered herein.
Introduction
With rapid depletion of conventional energy resources, tremendous increase in the production and use of renewable fuels is foreseeable. Moreover, the pollution created by fossil resources is a big concern across the globe. Nevertheless, various renewable energy resources available, e.g. tidal energy, solar energy, geothermal energy, wind energy, biomass, etc., performing at their peak are balancing the present energy o-and m-cresol because experimental analyses by Yong & Yukihiko [26] do not support the formation of p-cresol. Both isomers are, in general, serving as important precursors in the production of industrial compounds as well as solvents in industry [27] . Further, we have carried out simulations for calculating the adsorption energies of guaiacol over 11 different catalysts such as Pt, Pd, Ru, Rh, Cu, Ni, Mo, Co, Ti, Fe and Zr. All catalysts are clusters of three atoms, for instance Pd 3 . The corresponding kinetic analyses have been carried out at a wide temperature range of 473-673 K at an interval temperature of 50 K and fixed pressure of 1 atm. The reaction scheme is shown in figure 1 , in which guaiacol undergoes conversion to catechol, methylcatechol, and o-and m-cresol. The size of the catalyst cluster has always been a matter of debate; however, to adsorb the guaiacol component, a large array of metals would be needed and a supported metal catalyst may also be reasonably predicted [28] . In the recent past, several computational works have been performed over small catalyst clusters [29, 30] . For instance, Carneiro & Cruz [29] carried out DFT computations for formaldehyde adsorption over Pd 4 catalysts (planar and tetrahedral) and validated their results with the literature counterparts. They reported that planar configuration of Pd 4 provided high adsorption energy (highly negative) compared to tetrahedral Pd 4 ; however, the complex of adsorbate and tetrahedral Pd 4 was more stable according to absolute energy and gave the adsorption energy close to experimental values. It can be seen that the configurations of the catalyst cluster play a vital role in the prediction of accurate energetics; however, the Pt 3 catalyst cluster cannot have different configurations unlike the four atoms models, i.e. planar and tetrahedral configurations of Pd 4 catalyst adopted by Carneiro & Cruz [29] . Therefore, the present planar Pt 3 configuration is a stable configuration. Various theoretical studies have also been reported in the literature for the three metal atoms catalyst model. For instance, Zhong et al. [30] carried out a methanol dehydrogenation study over Pt 3 and PtAu 2 catalyst clusters and concluded that the required activation energy was much lower with Pt 3 catalyst compared to PtAu 2 ; however, PtAu 2 catalyst offered complete methanol dehydrogenation. Further, they compared their reaction progresses with the literature and found good agreement with that of bulk catalyst. Therefore, it can be seen that such small catalyst clusters could provide competitive energy parameters. Since in this work we have only studied the interaction of oxy-functional groups attached to a phenyl group with cluster atoms, the Pt 3 cluster can be used for an initial insight. Further, the aromatic ring saturation is beyond the scope of this study as it might have required a bulk catalyst. Further, the noble metals perform better in the bio-oil upgrading process compared to other catalytic systems [2] , therefore we have modelled our reaction schemes (shown in figure 1 ) over a Pt 3 catalyst cluster.
Computational method
In the recent past, the DFT tool has emerged as one of the best computational tools in chemistry. It is advantageous compared to other contemporary theories because of its dependence on electron density, which is measurable and observable unlike the wave function theories. The wave function theories are the function of 4N variables, where N is number of electrons, whereas electron density is the function of only three spatial parameters no matter how complex the molecule is. Therefore, all minima and transition state structures have been optimized under the DFT [31, 32] framework using a well-known hybrid-GGA functional, B3LYP (Becke, 3-parameter, Lee-Yang-Parr) [33, 34] with the basis set of LANL2DZ [35] , to consider the strong relativistic effects of Pt. The basis set 6-311+g(d,p) has been applied for C, H and O atoms. The stationary states of the potential energy surface (PES) have been affirmed by running a normal mode vibrational frequency calculation at the same level of theory as of the optimization calculation. One imaginary frequency has been found in each transition state structure which confirmed the true nature of the first-order saddle point on the PES and zero imaginary frequency has been found in all minimum structures. An intrinsic reaction coordinate (IRC) [36] analysis has been carried out at each transition state structure to link the transition state structure to the actual minima in both directions using the same theory as optimization theory. All minima from the IRC calculation are then subjected to normal mode vibrational frequency calculations to affirm the structures as true minima; zero imaginary frequency in each frequency result confirmed the structures as the true minima. All quantum calculations are carried out using GAUSSIAN 09 [37] and GAUSS VIEW 5 [38] commercial software packages.
The Pt 3 catalyst cluster [30] has been checked for its ground state configuration by running wave function stability analysis and the ground state laid in singlet spin state. Similarly, the complex of Pt 3 and guaiacol has been checked for its ground state and it also laid in the singlet state. The adsorption energy [11, 17] , E ads , has been calculated by the following equation:
(2.1)
The upgrading processes occur at high temperatures; therefore, to obtain an insight into high temperature thermodynamics, the thermochemistry calculations [39, 40] have also been performed at fixed pressure of 1 atm and at a wide temperature range of 473-673 K at an interval temperature of 50 K.
The reaction rate constant calculations have been carried out by employing Eyring's transition state theory [41] :
where k B is Boltzmann's constant (1.30662 × 10 −23 J K −1 ) and h is Planck's constant (6.0626176 × 10 −34 J s −1 ). In this study, temperature (T) is varying for each calculation and R is the universal gas constant (1.987 cal/(mol K −1 )).
Results and discussion

Adsorption energy
The adsorption energies obtained by several catalysts (shown in the electronic supplementary material, figure S1) are discussed followed by the potential energy surfaces of 'guaiacol to catechol', 'guaiacol to methylcatechol (MC)', 'MC to m-cresol' and 'MC to o-cresol' reactions. whereas guaiacol over a Fe 3 catalyst surface possesses maximum exothermicity among all considered metals. However, the Pt 3 cluster has been employed in this work because the noble metal catalyst performs better in HDO of the bio-oil model compound [2] . Another argument for choosing Pt catalyst among other noble metals is that the 'guaiacol to catechol' reaction has already been studied by Gao et al. [20] over Pt catalyst, therefore authors can use this reaction for validation and subsequently extend the present model for the rest of the reactions. Guaiacol adsorbs over the Pt 3 catalyst cluster via on-top site configuration through the interaction of the oxygen atom of the methoxy group of guaiacol with an adsorption energy of −19.03 kcal mol −1 . The distance between two binding atoms, i.e. Pt and O atoms, has been calculated as 2.22 Å and it is determined as the stable configuration to carry forward the reaction that forms the catechol compound.
Guaiacol to catechol and methylcatechol
The formation of catechol component from guaiacol occurs through methyl group cleavage followed by the association of a hydrogen atom to the hydrogen-catecholate species. The PES starts from guaiacol and Pt 3 catalyst cluster as individual species (figure 2) possessing the energy of 0 kcal mol −1 with respect to their own energies followed by the formation of IM1 (adsorbed guaiacol over Pt 3 ). The intermediate IM1 proceeds to form IM2 with the energy barrier of 30.32 kcal mol −1 . The IM2 structure depicts the cleaved methyl group from the guaiacol molecule showing a relative energy of −27.80 kcal mol −1 with respect to the G + Pt 3 . The demethylation reaction of guaiacol is studied by Verma & Kishore [9] in the absence of catalyst and they reported the required bond dissociation energy for methyl cleavage as 48.02 kcal mol −1 . Figure 2 shows that the formation of catechol from guaiacol requires three transition states, namely TS1, TS2 and TS3, with the barrier heights as 30.32, 21.03 and 23.91 kcal mol −1 , respectively; however, the methane molecule production from the methylene group after extraction of the catechol molecule requires two more elementary reaction steps with transition states TS4 and TS5. Clearly, it can be seen that among all energy barriers upto IM4 in the guaiacol to catechol reaction, the initial O−C bond scission appears as the rate determining step. The rate determining step requires 30.32 kcal mol −1 of energy, and thus this value is the activation energy, which closely matches with the value of Gao et al. [20] . They have developed the kinetic parameters experimentally, and based on ln k versus 1/T plot they reported the activation energy as 29.97 kcal mol −1 over a Pt/C catalyst surface. It can be seen that the difference between activation energies of the present study and that of Gao et al. [20] is only 0.35 kcal mol −1 . The imaginary frequencies corresponding to TS1, TS2 and TS3 structures are calculated to be 502.03i, 901.88i and 1018.25i cm −1 , respectively. Here 'i' corresponds to imaginary frequency and because all transition state structures have single imaginary frequencies, it affirms the fact that these transition states are first-order saddle points on the PES. Further, IM2 structure progresses to form IM3. This elementary step shows the abstraction of hydrogen from the adsorbed methyl group. The cleaved hydrogen adsorbs on the same Pt atom on which hydrogen catecholate is already adsorbed. The transition state structure between IM2 and IM3 is shown in figure 2 the catechol formation from IM3 is depicted in the IM4 structure of figure 2. The transition state located for this reaction shows the sigma bond formation between O and H atoms, and at the same time the O atom disengages itself from the Pt atom. All three elementary reactions up to IM4 are calculated as exothermic reactions and IM4 is the point in the potential energy profile at which the catechol is formed. To move forward and in order to produce a methane molecule from the methylene group, two hydrogen atoms have been adsorbed in series. One hydrogen atom has been adsorbed over the Pt 3 cluster with the methylene group in order to build the IM5 structure. The structure IM5 possesses zero relative energy in the potential energy profile (figure 2). On the other hand, IM7 shows −48.58 kcal mol −1 relative energy with respect to IM5 because of the adsorption of a hydrogen atom over the Pt 3 cluster with the methyl group in order to produce a methane molecule. Two activated complexes after the catechol formation are expressed as TS4 and TS5, having imaginary frequencies of 968.34i and 813.04i cm −1 , respectively. The fourth elementary step of the methyl formation is an endothermic reaction and it shows the energy barrier of 29.64 kcal mol −1 , whereas the fifth elementary step is an exothermic reaction and shows a 6.85 kcal mol −1 energy barrier. The product complex of Pt 3 and methane molecule shows 4.51 kcal mol −1 less energy compared to the summed energy of the individual Pt 3 cluster, methane and catechol.
In order to form methylcatechol, the IM4 structure has been re-minimized with the interaction of hydrogen of the aromatic carbon of the catechol component with the Pt atom of the methylene adsorbed Pt 3 cluster (see structure IM9 in figure 2 and electronic supplementary material, figure S2 ). Owing to this different configuration of adsorption, the energy corresponding to the complex of methylene adsorbed Pt 3 cluster and catechol possesses −36.77 kcal mol −1 with respect to G + Pt 3 . The intermediates and transition state structures involved in the guaiacol to methylcatechol reaction are also shown in the electronic supplementary material, figures S2 and S3, respectively. Relative energetics of the structures is shown in the potential energy profile in figure 2 by the black dashed line. However, it should be noted that the intermediates upto IM4 and transition state structures upto TS3 for 'guaiacol to catechol' and 'guaiacol to methylcatechol' reactions are the same.
IM9 depicts the adsorption of catechol over the methylene adsorbed Pt 3 cluster. Here the Pt atom interacts with hydrogen attached to aromatic carbon. For C−H bond scission, it is a necessary configuration. To cleave the C aromatic -H bond, a transition state structure has been located as TS6, having an energy barrier of 41.30 kcal mol −1 . The single imaginary frequency associated with TS6 is calculated to be 436.34i cm −1 . Two other transition states are located as TS7 (181.80i cm −1 ) and TS8 (792.2i cm −1 ) in order to produce the methylcatechol. The transition state structure TS7 connects its both minima as IM11 and IM12 through a minimum energy path, whereas TS8 links to IM12 and IM13. The respective energy barriers for these two elementary step reactions are reported as 1.11 and 6.06 kcal mol −1 . The formation of IM12 from IM11 shows high exothermicity compared to the IM12 → IM13 elementary step 
Methylcatechol to cresol
Methylcatechol is hydrodeoxygenated into two important compounds, o-cresol and m-cresol. Both product formations from methylcatechol are discussed separately and the potential energy profiles can be seen in figure 3.
Methylcatechol to m-cresol
The potential energy profile starts from the summed energetics of individual methylcatechol, 2H and Pt 3 cluster species showing zero relative energy as reference for other structures. The intermediate IM14 is adsorbed methylcatechol over Pt 3 catalyst and it is worth noting that structures in potential energy profile (figure 3) in between IM14 and IM16 carry the energy of two hydrogen atoms, whereas the structures in between IM17 and IM18 carry the energy of one hydrogen atom. In the following discussions, structures are denoted as IMn or TSn without H and 2H. The methylcatechol binds to the Pt 3 cluster with the central hydroxyl group and the adsorption energy is predicted as −18.38 kcal mol −1 . In the IM14 structure, the oxygen atom interacts with one Pt atom and progresses to form IM15 with a transition state structure TS9 (1100.72i cm −1 ). The energy barrier for this elementary step is calculated as 23.01 kcal mol and adsorption of an additional hydrogen atom displays a stationary state on PES as IM19, and it is to be noted that structures from IM19 to IM23 carry m-cresol's energetics in the potential energy profile (figure 3). As shown in figure 3 , it is observed that the reaction progresses through IM19 → TS12 → IM20 → TS13 → IM21 → TS14 → IM22 → TS15 → IM23 → m-cresol + H 2 O + Pt 3 . These elementary reaction steps from IM19 are to form water compound on the Pt 3 cluster. The single imaginary frequency corresponding to transition state structures, i.e. TS12, TS13, TS14 and TS15, after IM19 are calculated to be 1190.76i, 395.99i, 378.55i and 1035.44i cm −1 , respectively, and corresponding energy barriers are calculated as 13.51 kcal mol −1 , 1.74 kcal mol −1 , 2.91 kcal mol −1 and 20.32 kcal mol −1 , respectively. It can be seen clearly that the C−O bond scission reaction step of methylcatechol to m-cresol reaction is the rate determining step, thus the activation energy for the methylcatechol to m-cresol reaction is 51.52 kcal mol −1 . The desorption of water compound from the Pt 3 cluster demands 22.02 kcal mol −1 of energy as the individual water, Pt 3 cluster and m-cresol species possess 22.02 kcal mol −1 higher energy compared to their complex.
Methylcatechol to o-cresol
In this section, o-cresol formation from the methylcatechol over Pt 3 cluster is discussed. The potential energy profile of o-cresol formation is shown in figure 3 . As noted for m-cresol about the notations in PES, here too the structures in the potential energy profile (figure 3) in between IM24 and IM26 carry the energy of two hydrogen atoms and the structures in between IM27 and IM28 carry the energy of one hydrogen atom. Here too the structures are denoted as IMn or TSn without H and 2H.
The adsorption energy of methylcatechol over Pt 3 cluster is calculated as −20.85 kcal mol −1 . It can be seen that the IM24 configuration for the formation of o-cresol is more stable than IM14. It should be noted that the interacting hydroxyl group of methylcatechol with cluster for o-cresol production is different than the case of m-cresol. 4 . As discussed earlier, the guaiacol to catechol reaction requires five elementary steps; therefore, five straight lines corresponding to each elementary step are shown with five points of temperatures in figure 4a . It can be seen in figure 4a that the slope of step 1 is highly negative among all five and, therefore, it possesses the highest activation energy requirement. The rate constant improves as the temperature increases and out of all the discussed temperatures, 673 K performs best. Gao et al. [20] showed the ln k versus 1/T plot for five reactions in which the guaiacol to catechol reaction has been explained as a second order of reaction kinetics experimentally. The guaiacol to methylcatechol reaction has been shown in six elementary steps and the highest activation energy requirement is from the fourth elementary step, i.e. C−H bond scission (figure 4b). Here too, the temperature affects rate constant proportionally, i.e. the rate constant increases with increasing temperature. The ln k versus 1/T plot for this reaction indicates all elementary steps as straight lines. On the other hand, methylcatechol to m-cresol reaction is explained in seven elementary reaction steps in figure 4c. As discussed earlier, the second elementary step of methylcatechol to m-cresol, i.e. C−O bond scission, is the rate determining step, and the same can be seen in figure 4c because the second step is a highly negative sloping straight line. Similar phenomena can be seen for the methylcatechol to o-cresol reaction also (figure 4d). The rate constant increases with increasing temperature and both ln k versus 1/T plots of m-and o-cresol show straight lines with negative slopes. It can be observed that the formation of catechol from demethylation of guaiacol over the present cluster model required an activation energy of 30.32 kcal mol −1 , which is very close to the reported activation energy value found by to Gao et al. [20] using experimental kinetic analysis. Therefore, the present small cluster model has the potential for studying the functional-based cleavage reactions of phenyl containing compounds; however, its performance cannot be entirely concluded without having a proper and significant amount of experimental evidence. On the other hand, the production of cresol from guaiacol using computations is completely novel work and no one as far as the authors' knowledge has tried this; a few experimental works [24] [25] [26] over different catalysts do suggest its production but those studies do not report elementary reaction mechanisms. In addition, most experimental analyses undergo the study of selectivity, yield, catalytic activity, etc., therefore the validation of formation of cresols cannot be done at this stage.
Furthermore, recent works [29, 30] based on such small catalyst clusters have proved their catalytic performances compared to their experimental or theoretical counterparts, but these works were carried out for different components. Therefore, the reliability of the Pt 3 study may require its testing by experimental kinetic analysis of HDO of guaiacol which accompanies the productions of cresols along with other hydrodeoxygenated products. Nevertheless, the present model of Pt 3 catalyst cluster for this work has been considered to deliver a preliminary reaction scheme for the conversion mechanism of guaiacol to cresol and the kinetics could be used as first-order approximation in the absence of experimental results.
Conclusion
The guaiacol conversion process yielding catechol, 3-methylcatechol, m-cresol and o-cresol has been studied under the DFT framework. The key conclusions are as follows.
The adsorption energy of guaiacol on Pt 3 cluster indicates exothermic adsorption. The use of the Pt 3 cluster can be very insightful in order to have an initial picture of any particular reaction because the activation energy of the 'guaiacol to catechol' reaction is in good approximation with the literature. The O−H bond scission has been calculated as the rate determining step for guaiacol to catechol reaction, whereas C−H bond scission of the phenyl ring of catechol appears as the rate determining step for guaiacol to methylcatechol reaction. The 3-methylcatechol to m-and o-cresol reactions show the C−O bond cleavage as the rate determining step. Increasing temperature increases the rate constants of all reactions.
